Memories become less precise and generalized over time as memory traces reorganize in hippocampal-cortical networks. Increased time-dependent loss of memory precision is characterized by an overgeneralization of fear in individuals with post-traumatic stress disorder (PTSD) or age-related cognitive impairments. In the hippocampal dentate gyrus (DG), memories are thought to be encoded by so-called 'engram-bearing' dentate granule cells (eDGCs). Here we show, using rodents, that contextual fear conditioning increases connectivity between eDGCs and inhibitory interneurons (INs) in the downstream hippocampal CA3 region. We identify actin-binding LIM protein 3 (ABLIM3) as a mossy-fiber-terminal-localized cytoskeletal factor whose levels decrease after learning. Downregulation of ABLIM3 expression in DGCs was sufficient to increase connectivity with CA3 stratum lucidum INs (SLINs), promote parvalbumin (PV)-expressing SLIN activation, enhance feedforward inhibition onto CA3 and maintain a fear memory engram in the DG over time. Furthermore, downregulation of ABLIM3 expression in DGCs conferred conditioned contextspecific reactivation of memory traces in hippocampal-cortical and amygdalar networks and decreased fear memory generalization at remote (i.e., distal) time points. Consistent with the observation of age-related hyperactivity of CA3, learning failed to increase DGC-SLIN connectivity in 17-month-old mice, whereas downregulation of ABLIM3 expression was sufficient to restore DGC-SLIN connectivity, increase PV + SLIN activation and improve the precision of remote memories. These studies exemplify a connectivitybased strategy that targets a molecular brake of feedforward inhibition in DG-CA3 and may be harnessed to decrease timedependent memory generalization in individuals with PTSD and improve memory precision in aging individuals. We wish to thank members of the Sahay lab for comments on the manuscript and the late N.J. Sahay for advice. We are thankful to S. Tonegawa (MIT) for the AAV9-tetO-ChR2 construct, M.E. Greenberg (Harvard Medical School) for the lentiviral pLLX vector, J. Rajagopal (MGH) for the HEK293T cells and S. Ramirez
Memories become less precise over time as their details are lost, a phenomenon referred to as time-dependent generalization. Timedependent generalization of traumatic memories results in expression of fear in neutral environments at remote time points, a feature of PTSD that has been captured in numerous animal studies [1] [2] [3] [4] [5] [6] [7] . Memory imprecision also characterizes mild cognitive impairment (MCI) and episodic memory dysfunction during aging 8, 9 . Recent studies have begun to identify circuit mechanisms that underlie memory precision and generalization of recent memories 5, [10] [11] [12] [13] [14] [15] . In contrast, we know much less about the circuit mechanisms governing the time-dependent erosion of details that gradually lead to generalization of remote memories 1 . Bridging this gap will edify new strategies to preserve memory precision during aging and curb time-dependent fear generalization in subjects with PTSD.
Unlike the generalization of recent memories, the generalization of remote memories is thought to reflect time-dependent reorganization of memory traces in hippocampal-cortical networks [16] [17] [18] . Growing evidence supports a continuous role for the hippocampus in maintaining the specificity of memories over time through the hippocampal-cortical interactions that underlie memory consolidation 17, [19] [20] [21] [22] [23] . These observations, together with the hippocampal index theory 5, 21, 22 , suggest that new memories presumably encoded in hippocampal eDGCs 24, 25 may serve as indexes for the stabilization of cognate cortical representations 5, 16, 21, 22 . Consistent with this idea, genetic silencing of eDGCs during learning impairs early maturation of cortical engram cells 25 . However, the circuit mechanisms by which eDGC connectivity dictates time-dependent reorganization of memory traces in hippocampal-cortical networks and governs remote memory generalization remain poorly understood.
DGC connectivity with SLINs has been suggested to govern the precision of recent memories 11 . Mossy fiber terminals (MFTs) form excitatory synapses onto thorny excrescence-like dendritic spines of CA3 neurons, and filopodia emanating from MFTs that contact SLINs are thought to mediate feedforward inhibition onto CA3 (refs. [26] [27] [28] . DGC recruitment of inhibition onto CA3 is thought to determine the temporal window of spiking of CA3 neurons and potentially dictates CA3 activation patterns 28, 29 . Notably, MFT filopodia number is inversely correlated with fear generalization over time 11 . Mice that lack adducin 2, a cytoskeletal factor expressed brain wide, show impaired synaptic plasticity, impaired learning and memory, failure to increase DGC-SLIN connectivity following learning and increased generalization of a fear memory 1 d after conditioning 11, 30, 31 that was rescued by re-expression of adducin 2 in the DG. CA3 outputs and PV-expressing (PV + ) INs have been suggested to promote hippocampal-cortical communication through modulation of sharp wave ripples [32] [33] [34] [35] [36] [37] . On the basis of these findings, we hypothesized that DGC recruitment of inhibition onto CA3 maintains the DG engram over time, and this in turn dictates time-dependent reorganization of memory traces in hippocampal-cortical networks and decreases remote memory generalization. Critical to testing this hypothesis was being able to identify a molecular control by which DGC recruitment of inhibition onto CA3 could be acutely and selectively enhanced.
Evidence from studies in rodents, nonhuman primates and humans suggests that aging is associated with CA3 hyperexcitability, hyperactivity and inflexible remapping [38] [39] [40] [41] [42] . Decreased DGC recruitment of inhibition onto CA3 (ref. 42) , a decline in the number of SLINs 41 , decreased DGC spine density 43 and increased intrinsic CA3 excitability 40 may all contribute to age-related changes in CA3. Whether DGC-SLIN connectivity is altered in aging and whether enhancing DGC recruitment of inhibition is sufficient to enhance memory precision in aging is not known.
RESULTS

ABLIM3 is a learning-regulated molecular brake of DGC-SLIN connectivity
We first examined DGC-SLIN connectivity of eDGCs at recent and remote time points after contextual fear conditioning. Using 3-monthold cfos-tTA:tetO-Tau-lacZ transgenic mice 44 (in which β-galactosidase (LacZ) expressed under the promoter of the Mapt gene (also known as Tau) labels cFOS-expressing cells) in combination with a tetO-Tau-LacZ reporter line to indelibly label memory engrams by removal of doxycycline (Dox) from the animal's diet during conditioning ( Fig. 1a) , we found that eDGCs encoding the fear-conditioned context had markedly greater numbers of MFT filopodia than non-tagged DGCs 1 d after training, without any effects on the proportion of MFT filopodial contacts with PV + SLINs ( Supplementary  Fig. 1b) . However, the number of MFT filopodia of eDGCs decreased to levels observed in non-tagged ('non-engram') DGCs at the remote time point, day 16 ( Fig. 1b) , when memory becomes imprecise and is generalized 2, 3 .
To causally assess how DGC recruitment of inhibition affected engram properties, we sought to identify a selective molecular regulator of DGC-SLIN connectivity. We examined brain-wide expression patterns of putative targets of Kruppel-like factor 9 (KLF9), a transcriptional regulator of DGC maturation 45 , and identified Ablim3 as a candidate 46, 47 . Ablim3 is highly expressed in DGCs and is negligibly expressed in CA subfields ( Fig. 1c ; http://hipposeq.janelia.org/full/ t1/F64339A8-AF50-11E7-AD92-C0A401797C37/). Outside of the hippocampus, Ablim3 is enriched in granule cells of the main olfactory bulb and cerebellum (Allen Brain Atlas, http://mouse.brain-map. org/experiment/show/69626582) 47 . Immunohistochemistry analysis of brain sections from adult mice revealed that ABLIM3 was absent from the CA1-CA3 subregions and molecular layers of the hippocampus but that it was exclusively localized to MFTs (labeled with vesicular glutamate transporter 1 (VGLUT1); Fig. 1c,d and Supplementary  Fig. 1a ). Within MFTs, ABLIM3 was absent from active zones (labeled by bassoon immunoreactivity) but was localized to puncta adherens junctions (PAJs), sites of MFT stabilization on dendritic shafts of CA3 neurons, as indicated by overlap with zona occludens 1 (ZO-1), a marker of PAJs (Fig. 1d,j and Supplementary Fig. 1a) . Western blot analysis of ABLIM3 expression in the hippocampus of naive and contextual-fear-conditioned (training) mice revealed that ABLIM3 levels were decreased following learning as compared to that in naive mice ( Fig. 1e and Supplementary Figs. 1c) . ABLIM3 levels in CA1, although low, remained unchanged following learning (Supplementary Fig. 1d ). On the basis of these observations and of evidence that supported a role for ABLIM3 in stabilizing branched F-actin in lamellipodia 48, 49 , we predicted that ABLIM3 levels in MFTs constrain generation of MFT filopodial contacts with SLINs.
To determine whether ABLIM3 functions as a molecular brake of DGC-SLIN connectivity, we engineered lentiviruses that expressed short hairpin RNAs (shRNAs) to downregulate Ablim3 expression (e) Western blot analysis of ABLIM3 levels in hippocampal lysates in mice that did not (naive) or did undergo training (n = 5 mice per group). The blot image (left) was cropped from Supplementary Figure 12d . Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control. The bar graph (right) was generated from full blot images in Supplementary Figure 12c . (f) Schematic of stereotaxic lentivirus injection into the DG (top) and representative images of ABLIM3 immunohistochemistry in MFTs from two mice (shAblim3-46 and shNT). This experiment was done twice. Scale bar, 100 µm. Supplementary Table 1 for detailed statistical analyses.
in vitro (Supplementary Fig. 2a ). Stereotactic injections of a GFPexpressing lentivirus that also encoded one of two Ablim3-specific shRNAs (hereafter collectively referred to as LV-shRNA-GFP) into the DG substantially downregulated Ablim3 expression in DGCs ( Supplementary Fig. 3a,b ) and decreased ABLIM3 expression in MFTs ( Fig. 1f) . Lentiviral infection primarily targeted mature DGCs, as fewer than 4% of GFP-expressing cells also expressed doublecortin (DCX), a marker of immature adult-born DGCs ( Supplementary  Fig. 3c,d) . shRNA-mediated downregulation of Ablim3 expression in DGCs using lentiviruses that encoded one of two different shRNAs (shAblim3-46 or shAblim3-47) increased the number of filopodia per MFT, but did not affect MFT filopodial length, MFT size or dendritic spine density of DGCs ( Fig. 1g and Supplementary  Fig. 2b,c) . Downregulation of Ablim3 expression (using shAblim3-46 throughout the study unless otherwise noted) in DGCs did not affect the proportion of VGLUT1 + MFT filopodial contacts with PV + or somatostatin-expressing (SST + ) SLINs ( Fig. 1h and Supplementary  Fig. 2d ). Stereotaxic injection of the anterograde tracer, vesicular stomatitis virus (VSV) expressing GFP (VSV-G) 50 , into DGCs following ABLIM3 downregulation resulted in increased trans-synaptic labeling of GABA + and PV + SLINs at 2 d ( Fig. 1i) , but not immediately (day 0), following injection ( Supplementary Fig. 2f ). ABLIM3 downregulation in DGCs did not affect the expression of GABA or PV in the stratum lucidum ( Supplementary Fig. 2e ). Together these data demonstrate that ABLIM3 is a molecular brake of DGC-SLIN connectivity and that decreasing ABLIM3 levels in DGCs of adult mice mimics a learning-induced increase in DGC-SLIN connectivity (Fig. 1j ).
ABLIM3 downregulation in DGCs promotes DGC recruitment of inhibition onto CA3
Although it is assumed that DGC-SLIN connectivity mediates GABAergic inhibition onto CA3 (ref. 11), evidence linking acute modulation of DGC-SLIN connectivity in adult mice with electrophysiological changes in inhibition onto CA3 is conspicuously absent 28 . Therefore, we asked whether increasing DGC-SLIN connectivity by downregulation of ABLIM3 expression translated into physiological changes in excitatory inputs onto PV + INs and increased GABAergic inhibition onto CA3. Characterization of mice in which PV + SLINs were labeled with the fluorescent reporter tdTomato (hereafter referred to as PV-Cre: Ai14 mice) revealed that 90% of tdTomato + cells also expressed PV ( Fig. 2a,b ). Next we performed whole-cell recordings from tdTomato + PV + SLINs and CA3 pyramidal neurons in brain slices that were obtained from PV-Cre:Ai14 mice following injection of LV-shRNA-GFP (which encoded shAblim3-46) or a lentivirus that encoded a nontargeting control shRNA (hereafter referred to as LV-shNT) into the DG (Fig. 2c) . Downregulation of ABLIM3 expression in DGCs increased the frequency of miniature excitatory postsynaptic currents (mEPSCs) in PV + SLINs ( Fig. 2d,g) , which was consistent with increased numbers of VGLUT1 + MFT filopodial contacts onto PV + SLINs (Fig. 1g,h) . We noted a decrease in the amplitude of mEPSCs in PV + SLINs, which was suggestive of potential homeostatic changes in response to the increased excitatory drive onto these cells ( Fig. 2d,g) . Recordings from CA3 pyramidal neurons revealed an increase in frequency, but not in amplitude, of miniature inhibitory postsynaptic currents (mIPSCs) ( Fig. 2e,g) . Consistent with increased mIPSCs in CA3 neurons, increasing mossy fiber excitatory drive onto PV + SLINs significantly enhanced the number of PV + puncta per unit area in the CA3 pyramidal layer ( Fig. 2h) . Additionally, the amplitude of mEPSCs in CA3 neurons was decreased with no effect on mEPSC frequency ( Fig. 2f,g) .
To determine the net effect of these synaptic changes and whether ABLIM3 levels in DGCs dictated feedforward inhibition onto CA3, we co-injected a recombinant adeno-associated virus 5 (rAAV5) vector encoding channelrhodopsin (ChR2) under the calcium-calmodulindependent protein kinase II alpha (Camk2a) promoter and lentiviruses expressing shAblim3-46 or shNT into the DG and performed whole-cell recordings in CA3 pyramidal neurons in hippocampal slices following blue-light stimulation (Fig. 3a) . Decreasing ABLIM3 levels in DGCs resulted in greater recruitment of feedforward inhibition onto CA3 neurons, as evidenced by a significant decrease in the excitation-inhibition ratio (Fig. 3a) . This effect was driven by an increase in evoked IPSCs in CA3 neurons ( Fig. 3a,b ). Bath application of DCG-IV, a group II metabotropic glutamate receptor agonist that selectively blocks evoked MFT release 28, 51 , to hippocampal slices abolished evoked inhibitory and excitatory responses in CA3 ( Fig. 3c ).
ABLIM3 downregulation in DGCs maintains engram in the DG and constrains reactivation of remote memory traces in the CA3-CA1-ACC and BLA networks Because DGC-SLIN connectivity of eDGCs is transiently increased relative to that in non-engram-bearing cells following learning and a return to baseline at remote time points after memory is generalized, we asked whether enhancing DGC-PV + SLIN connectivity promoted maintenance of a fear-conditioned context (context A) engram in the DG. To this end, we injected both an AAV9 construct that encoded an enhanced yellow fluorescent protein (eYFP)-tagged channelrhodopsin (ChR2) under the control of the tetO promoter and either LV-shRNA-GFP or LV-shNT-GFP into the DG of cfos-tTA 44, 52 transgenic mice (which express the tetracycline transactivator (tTA) protein under control of the promoter of the Fos oncogene) before contextual fear conditioning in context A ( Fig. 4a ). Following tagging of context A ensembles with ChR2-eYFP, we either did not or did activate the context A neuronal ensemble in a neutral, distinct context (context C) at day 2 and day 10 by shining blue light above the DG in both groups of mice ( Fig. 4b,c ). Both groups showed comparable levels of light-induced freezing behavior at day 2, which suggested that there were comparable numbers of tagged and activated DGCs in both groups of mice. However, at day 10, only the LV-shRNA-GFP group permitted optogeneticdependent artificial recall of the contextual fear memory ( Fig. 4c) . Blue light treatment did not elicit freezing behavior in context C in nonconditioned, context-A-exposed mice (Fig. 4b,c ). Examination of eDGCs revealed an ~50% reduction in the number of ChR2-eYFPexpressing eDGCs ( Supplementary Fig. 4a ) 52 , which could potentially explain the lack of induction of freezing behavior by blue light treatment in the control group 25 . Injection of an AAV9 virus encoding tetO-ChR2-mCherry and LV-shRNA-GFP or LV-shNT-GFP into the DG of cfos-tTA mice revealed that ABLIM3 downregulation in DGCs did not affect ChR2 stability (Supplementary Fig. 4b,c) . Thus, despite decreased expression of the ChR2 tag over time and the time-dependent reduction in dendritic spine density of eDGCs 25 , increasing DGC recruitment of inhibition by ABLIM3 downregulation was sufficient to permit engram activation at a remote time point.
Next we asked whether enhancing DGC recruitment of feedforward inhibition by ABLIM3 downregulation affected context-specific reactivation of memory traces in hippocampal-cortical networks over time. We stereotactically injected LV-shRNA-GFP or LV-shNT-GFP into the DG of TetTag mice, which harbor a knock-in allele encoding a histone 2B (H2B)-mCherry reporter to indelibly label cells that were activated during conditioning to context A ( Supplementary Fig. 4d,e ). Reactivation of the DG ensemble in context A decreased over time, indicating that an engram could gradually become silenced over time as the memory became generalized ( Fig. 4d,e ). Both LV-shRNA-GFPinjected and LV-shNT-GFP-injected mice showed equivalent levels of reactivation of context A ensembles in the DG when mice were reexposed to context A and context C at immediate (day 1 post training) and remote time points (day 16) ( Fig. 4e, Supplementary Fig. 5b-d and Supplementary Fig. 6a ). However, ABLIM3 downregulation in DGCs significantly decreased reactivation of context A ensembles in CA3 when mice were exposed to the neutral context C at a remote, but not immediate, time point ( Fig. 4e and Supplementary Fig. 6b ).
Immunostaining for regulator of G-protein signaling 14 (RGS14) was performed to exclude CA2 cells from quantification of CA3 cells ( Supplementary Fig. 6b ). Consistent with these observations, by using TetTag mice with transgenic tetO-H2B-GFP reporter alleles, we found that ABLIM3 downregulation decreased reactivation of context A ensembles in CA3 (Supplementary Fig. 5a ) and CA1 when Whole-cell recording of mEPSC frequency (shNT: 3,887 events from n = 13 cells; shRNA: 3,588 events from n = 12 cells) (left) and mEPSC amplitude (shNT: 3,900 events from n = 13 cells, shRNA: 3,600 events from n = 12 cells) (right) from PV + SLINs (n = 3 mice per group). *P < 0.0001 by Komolgrov-Smirnov test. (e) Intracellular recording of mIPSC frequency (shNT: 2,691 events from n = 9 cells, shRNA: 2,691 events from n = 9 cells) (left) and mIPSC amplitude (shNT: 2,700 events from n = 9 cells; shRNA: 2,700 events from n = 9 cells) (right) from CA3 pyramidal neurons (n = 3 mice per group). *P < 0.0001 (left) or P = 0.0126 (right) by Komolgrov-Smirnov test. (f) Intracellular recording of mEPSC frequency (shNT: 1,209 events from n = 9 cells; shRNA: 1,620 events from n = 12 cells) (left) and mEPSC amplitude (shNT: 1,218 events from n = 9 cells; shRNA: 1,632 events from n = 12 cells) (right) from CA3 pyramidal neurons (n = 3 mice per group). P = 0.0222 (left) or *P < 0.0001 (right) by Komolgrov-Smirnov test. In d-f, the schematics indicate that whole-cell recordings were from from PV + (d) or CA3 pyramidal (e,f) neurons following LV-shNT-GFP or LV-shRNA-GFP injections into the DG. mice were placed in a neutral context C at the remote time point, day 16 ( Fig. 4f,g and Supplementary Fig. 6c ). Both groups of mice (LV-shRNA-GFP and LV-shNT-GFP) showed comparable numbers of labeled cells ( Supplementary Fig. 5b-d ) and similar percentages of chance overlap ( Supplementary Fig. 5e ) in the DG, CA3 and CA1.
The anterior cingulate cortex (ACC) is a storage site for remote memories 17, 25, 53 . To determine whether ABLIM3 downregulation in DGCs also modulated reactivation of context A ensembles in the ACC, we used cfos-tTA transgenic mice in combination with a tetO-H2B-GFP reporter line to indelibly tag context A cortical ensembles ( Fig. 4f,g) . Downregulation of ABLIM3 in the DG of these mice increased reactivation of context A ensemble in the Cg1, but not Cg2, fields of the ACC following exposure to context A at a remote time point ( Fig. 4g and Supplementary Figs. 5a and 6e,f) . Furthermore, reactivation of the context A ensemble in Cg1 following exposure to context C was decreased ( Fig. 4g and Supplementary Fig. 6e,f) . Both groups of mice had comparable numbers of labeled cells in the ACC and similar percentages of chance overlap ( Supplementary Fig. 5b,d,e ).
The basolateral amygdala (BLA) acts downstream of the hippocampus and prefrontal cortex to govern expression of fear [54] [55] [56] . Therefore, we examined activation dynamics of H2B-GFP-tagged context A ensemble in the BLA over time and following ABLIM3 downregulation in DGCs (Supplementary Fig. 6d ). Notably, we found a time-dependent increase in reactivation of the H2B-GFPtagged context A ensemble in the BLA following exposure to the neutral context (day 1 versus day 16, shNT group; Fig. 4f,g) . Of note, ABLIM3 downregulation in DGCs constrained this time-dependent generalization of the fear memory trace in the BLA (day 1 versus day 16, shRNA group; Fig. 4f,g) . Both groups of mice had comparable numbers of labeled cells in the BLA and similar percentages of chance overlap ( Supplementary Fig. 5b,d,e ).
ABLIM3 downregulation in DGCs decreases remote memory generalization
Next we asked whether ABLIM3 downregulation in the DG decreased generalization of remote fear memories. We stereotactically injected LV-shRNA-GFP or LV-shNT-GFP into DG, and 2 weeks later, the mice were conditioned to three foot-shocks in context A and then exposed to context A and a neutral, distinct context C in a counterbalanced manner 1 d, 10 d and 16 d after training. ABLIM3 downregulation in the DG significantly decreased levels of freezing behavior in context C and improved discrimination between contexts A and C at remote (significant effect on day 16, trend on day 10), but not recent (day 1), time points ( Fig. 5a-d ). ABLIM3 downregulation in DGCs did not affect contextual fear acquisition, locomotor activity, behavioral measures of anxiety or behavior in the tail-suspension test (Fig. 5b,i and Supplementary Fig. 7c-g) . ABLIM3 downregulation in the DG resulted in increased sparseness of activity in CA3 following exposure to context C, but not in the home cage group, at the remote time point ( Fig. 5e-g) , consistent with the decreased reactivation of context A ensembles in CA3 when mice were exposed to the neutral context C at a remote time point ( Fig. 4e ). We used a separate cohort of mice that was not exposed to context C until day 16 and found that ABLIM3 downregulation in DGCs significantly decreased levels of freezing behavior in context C at the remote, but not recent, time point ( Fig. 5h-k) . These mice showed a trend toward better discrimination between contexts A and C at day 16 ( Fig. 5k) , Notably, and as seen in adult mice, ABLIM3 downregulation in DGCs increased activation of PV + , but not SST + , SLINs when assessed at the remote time point ( Supplementary Fig. 8a-e ).
ABLIM3 downregulation in DGCs did not affect activity of the DG (Supplementary Fig. 7a,b ).
ABLIM3 downregulation in the DG of aged mice improves remote memory precision
Aging is associated with decreased feedforward inhibition in DG-CA3 and CA3 hyperactivity [38] [39] [40] [41] [42] . To determine whether DGC-PV + SLIN connectivity decreased with aging, we injected the DG of 17month-old mice with LV-shNT-GFP and examined MFT filopodia ( Fig. 6a) . Aged mice showed decreased DGC dendritic spine density (unpaired t-test, shNT group, 3 month versus 17 month: P = 0.04) and a modest reduction in the number of MFT filopodia at baseline. However, aged mice were refractory to learning-induced increases in the number of MFT filopodia that was seen in adult mice ( Fig. 6b) . On the basis of these observations, we asked whether we could harness ABLIM3 to restore DGC-SLIN connectivity in aged mice. Injection of LV-shRNA-GFP into DG of aged mice profoundly increased the number of VGLUT + MFT filopodial contacts with PV + SLINs and the density of PV + puncta in the CA3 pyramidal cell layer, without affecting MFT size or DGC dendritic spine density ( Fig. 6c,d and Supplementary Fig. 9a-c) . Stereotactic injection of VSV-G into the DG of 17-month-old mice resulted in increased anterograde trans-synaptic labeling of GABA + and PV + SLINs in CA3 following ABLIM3 downregulation in DGCs (Fig. 6e) . ABLIM3 downregulation in DGCs did not affect the expression of GABA or PV in CA3 ( Supplementary Fig. 9d ).
We next sought to determine whether increasing DGC-PV + SLIN connectivity in aged mice by ABLIM3 downregulation in the DG was sufficient to improve precision of remote memories. Following ABLIM3 downregulation in the DG, 17-month-old mice showed better memory for conditioning of context A at day 10 following training, resulting in significantly higher discrimination between the conditioning Table 1 for detailed statistical analyses.
context A and a distinct, neutral context C ( Fig. 6f-i) . Furthermore, at day 16 following training, aged mice with restored DGC-SLIN connectivity showed stronger memory for context A and increased activation of PV + and CA3 pyramidal neurons, but not of SST + SLINs or DGCs, following exposure to context A (Fig. 6j,k and Supplementary  Fig. 9e-g) , which is consistent with the modest increase in reactivation of the context A ensemble in CA3 when mice were exposed to the context A at a remote time point (P = 0.06; Fig. 4e ). Increasing DGC-SLIN connectivity in aged mice by ABLIM3 downregulation in the DG did not affect locomotor activity but produced anxiolytic-like behavioral effects in the elevated plus maze and decreased immobility in the tail-suspension test (Supplementary Fig. 10 ).
DISCUSSION
Our studies causally link a MFT-localized cytoskeletal factor, ABLIM3, with DGC-SLIN connectivity, DGC recruitment of feedforward inhibition onto CA3, reorganization of remote memory traces in hippocampal-cortical-BLA networks and remote memory generalization. ABLIM3 belongs to the ABLIM family, whose members were originally characterized as regulators of growth cone motility in axon guidance 46 . ABLIM3's role in stabilization of branched F-actin in lamellipodia [47] [48] [49] and its localization to PAJs, sites of structural stabilization of the MFT on the CA3 dendritic shaft, suggest that the molecular mechanisms underlying generation of growth cone filopodia during development, which are notably distinct from those underlying dendritic filopodia 57 , maybe re-used in controlling the generation of MFT filopodia in mature DGCs. The convergent elongation model of filopodial formation suggests a trade-off in growth cone lamellipodia versus filopodia during development 57, 58 . Consistent with this model, retrovirus-mediated downregulation of Ablim3 expression in 4-week-old, but not 8-week-old, adult-born DGCs increased the number of MFT filopodia and decreased MFT size (N.G. and A.S., unpublished observations). ABLIM3 downregulation in mature DGCs did not significantly affect MFT size, presumably because the MFT was already stabilized onto the dendritic shaft of CA3. On the basis of these observations, we predict that factors that regulate destabilization of branched F-actin networks in MFTs of mature DGCs may dictate the number of MFT filopodial contacts with SLINs to promote recruitment of inhibition onto CA3 in response to learning.
Although studies have begun to edify how afferent connectivity of eDGCs changes over time 25 , much less is known about how efferent connectivity of eDGCs dictates engram properties. We found that learning induced a greater increase in eDGC-SLIN connectivity than in non-eDGCs and that eDGC-SLIN connectivity decreased over time as memory became generalized. By regulating ABLIM3 expression we found that increasing DGC recruitment of inhibition onto CA3 permitted artificial recall of a memory trace by light stimulation of eDGCs at a remote time point that was otherwise not possible in the controls. These observations suggest that maintaining eDGC-SLIN connectivity may, in turn, maintain the engram in the DG. Whether eDGCs recruit hippocampal-cortical replay mechanisms 59 or CA3 back-projections to maintain the engram remains to be addressed.
Increasing DGC recruitment of inhibition by ABLIM3 downregulation in DGCs governed reactivation of memory traces of the conditioned context in CA3-CA1-ACC-BLA networks at remote time points. The decrease in context-C-induced reactivation of memory trace of the conditioned context in CA3, but not DG, at the remote time point implicates ABLIM3-dependent changes in DGC-CA3 connectivity. We argue that constraining context-specific CA3 reactivation dictates reactivation of the memory trace of the conditioned context in CA1, ACC and BLA. These findings generally support the transformative view of the multiple-trace theory of systems consolidation 18, 19 and suggest that the memory of conditioned context is distributed over multiple traces in CA3, CA1, ACC and BLA that are linked or that is one highly distributed trace. Our findings extend recent observations that define a role for the DG engram in early maturation of prefrontal cortical engram 25 to suggest that the DG engram may serve as a hippocampal index for time-dependent consolidation of cognate remote memory traces in the ACC 5, 16, 21, 22 and govern reactivation dynamics in the BLA (Supplementary Fig. 11a,b) 55 . At the recent time point, intact input (dendritic spines) and output (DGC-SLIN) connectivity of eDGCs ensure context-specific reactivation in CA3-CA1-ACC and BLA networks. With gradual silencing of the engram in the DG and a decrease in DGC-SLIN connectivity over time, context-specific reactivation in CA3-CA1-ACC and BLA is impaired. However, increased DGC recruitment of inhibition onto CA3 continues to maintain the DG engram and permit context-specific reactivation in CA3-CA1-ACC-BLA networks ( Supplementary  Fig. 11a,b) . Whether DG-dependent modulation of ensemble reactivation and consolidation in BLA is independent of the ACC and is mediated by ventral CA1 (ref. 56) remains to be determined.
Notably, ABLIM3 downregulation in DGCs increased PV + SLIN activation but not SST + SLIN activation, despite increasing DGC connectivity with both of these SLIN populations. Future studies to dissect SLIN microcircuitry may edify the basis of preferential recruitment of PV + SLINs by DGCs 60 . Because increasing mossy fiber excitatory drive onto PV + SLINs resulted in an increase in PV density in CA3, it is plausible that PV + SLIN connectivity with downstream targets in CA3, and potentially CA1, is also modified. These changes in PV + SLIN connectivity over time may promote consolidation of remote memory cortical and subcortical traces through recruitment of replay mechanisms such as sharp-wave ripples [32] [33] [34] [35] [36] [37] (Supplementary Fig. 11 ).
ABLIM3 downregulation in DGCs decreased remote memory generalization. Because overgeneralization of remote traumatic memories characterizes PTSD, our findings suggest that efficient consolidation of a traumatic memory may decrease its generalization over time. It follows that therapeutic strategies that fail to completely block consolidation would exacerbate overgeneralization of fear. We suggest that mechanisms such as pattern separation may help maintain the DG engram by decreasing interference between new and old similar engrams, thereby promoting stabilization of cognate cortical and subcortical traces and decreasing remote memory generalization 5, 22 .
Converging evidence from studies in rodents, nonhuman primates and humans suggest a role for alterations in properties and functions of the DG-CA3 circuit in cognitive impairments in aging and in MCI 9, [38] [39] [40] [41] [42] . Although the fear-conditioning training protocol used here did not permit detection of an age-related deficit in remote memory generalization 4 , we observed a profound failure in learning-induced increase in DGC-SLIN connectivity in aged mice. Of note, ABLIM3 downregulation in aged mice was sufficient to restore levels of DGC-SLIN connectivity, increase PV + SLIN activation and improve remote memory precision. In light of these findings, it is notable that An excitation-inhibition imbalance in DG-CA3 may underlie memory impairments in aging and contribute to overgeneralization of fear in PTSD. By identifying a molecular regulator of DGC-SLIN connectivity, ABLIM3, we show that increasing DGC recruitment of feedforward inhibition onto CA3 promotes engram maintenance in the DG and that this in turn governs reactivation of remote memory traces in hippocampal-cortical-BLA networks and decreases generalization of remote fear memories in adulthood and aging.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper.
ONLINE METHODS
Subjects. All mice were handled, and experiments conducted, in accordance with procedures approved by the Institutional Animal Care and Use Committees at the Massachusetts General Hospital and University of Washington, Seattle, in accordance with NIH guidelines. All mice were housed three or four per cage in a 12-h (7:00 a.m. to 7:00 p.m.) light-dark colony room at 22-24 °C with ad libitum access to food and water. Adult female C57Bl/6 mice (3-4 months old) were purchased from the Jackson Laboratories. Aged female C57Bl/6 mice (17-18 months old) were obtained from the National Institute on Aging (NIA). The following mouse lines were obtained from the Jackson Laboratories: cfos-tTA: tetO-taulacZ,tTA* (stock no. 008344), tetO-H2B-GFP (stock no. 005104), and Col1a1-tetO-H2B-mCherry (stock no. 014592). TetTag mice were generated by crossing reporter mouse lines, tetO-H2B-GFP mouse line or tetO-H2B-mCherry mouse line, with mice that express tetracycline-trans-activator (tTA) protein under control of the Fos promoter (stock no. 008344, Jackson labs; outcrossed from tetO-lacZ, tTA*). cfos-tTA mice also contain a transgene that consists of a Fos promoter driving the expression of nucleus-localized EGFP with a 2-h half-life. All TetTag mice were maintained on a C57BL/6 background. Mice were bred and raised on a doxycycline (Dox)-containing diet (40 mg/kg chow) to prevent expression of the reporter before the desired experimental labeling of ensembles. The Dox-containing diet was replaced with regular diet for 3 d to open the window for activity-dependent labeling of ensembles. Expression of the reporter was shut off by administration of a Dox-containing diet immediately following the desired labeling window. PV-Cre mice (stock no. 017320, Jackson Labs) were bred with the Ai14:tdTomato reporter mouse line (stock no. 007914, Jackson Labs) to generate mice for virus injections and in vitro electrophysiological whole-cell recordings.
Western blot analysis. To detect ABLIM3 protein levels following learning, mice were subjected to contextual fear conditioning ('training' , Fig. 1e ) and euthanized by decapitation 1 h later to permit rapid dissection of the hippocampus. Naive control mice ('naïve' , Fig. 1e ) were euthanized and dissected directly from home cages. Hippocampi and CA3 subregions were dissected on Whatman paper soaked with ice-cold PBS and snap-frozen in liquid nitrogen immediately. Tissue was homogenized in radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 0.1% sodium deoxycholate, 1% Triton X-100, 50 mM Tris, pH 8.0) supplemented with 0.5 mM EDTA and Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific, Waltham, MA). Homogenized samples were centrifuged at 12,000 r.p.m. for 20 min at 4 °C. Protein concentrations were determined from the supernatant by the Pierce BCA Protein Assay Kit (Thermo Scientific, Waltham, MA). Diluted samples were supplemented with SDS sample buffer (2% SDS, 10% glycerol, 0.1 M dithiothreitol, 0.01% bromophenol-blue, 62.5 mM Tris, pH 6.8) and boiled at 95 °C for 5 min. Proteins (40 µg) were resolved in 8% gels by SDS-PAGE and transferred to PVDF membranes (Bio-Rad Laboratories, Hercules, CA) by electroblotting. To prevent nonspecific binding, membranes were blocked with 3% dry milk in TBS-T (150 mM NaCl, 20 mM Tris, 0.1% Tween-20) for 2 h at room temperature. Membranes were incubated in primary antibodies-rabbit anti-ABLIM3 (1:500, Abcam, ab129480) and mouse anti-GAPDH (1:2,000, Millipore, MAB374, Billerica, MA)-overnight at 4 °C. Membranes were incubated in secondary antibodies-horseradish peroxidase (HRP)-conjugated goat anti-rabbit-IgG (1:5,000, Bio-Rad Laboratories, 170-5046, Hercules, CA) and HRP-conjugated goat anti-mouse-IgG (1:5,000, Bio-Rad Laboratories, 170-5047, Hercules, CA)-for 2 h at room temperature. Membranes were imaged using the ChemiDoc XRS+ System. Images were analyzed with ImageJ software using pixel intensities. For each membrane, the relative densities of the ABLIM3 bands were calculated using the intensities of each lane's corresponding GAPDH band.
Validation of shRNAs. Lentiviral vectors expressing shRNAs were obtained from
Sigma Mission library (Sigma-Aldrich). Five shRNAs targeting mouse Ablim3 (cat. no. SHCLNG-NM_198649) were verified. A lentiviral vector expressing a nonmammalian nontarget shRNA (SHC002) was used as a negative control. To validate the efficiency of the shRNAs, each shRNA-expressing lentiviral vector was co-transfected with plasmids encoding HA-tagged full-length mouse ABLIM3 and HA-tagged GFP into 293T cells. Cell lysates were subsequently prepared for western blot analysis of ABLIM3 and GFP expression using mouse anti-ABLIM3 (Abcam, ab67721; 1:500) and chicken anti-GFP (Abcam, ab13970; 1:2,000). Actin expression (detected by anti-β-actin; Abcam, ab8227; 1:1,000) was used as a loading control. The shRNA sequences are as follows:
TRCN0000099545 (targeting Ablim3): CCGGCGCAGTATAATCCTCTTGTATCTCGAGATACAAGAGGATTAT ACTGCGTTTTTG;
TRCN0000099546 (targeting Ablim3): CCGGGCCTTTCCCTATTGGAGATAACTCGAGTTATCTCCAATAGG GAAAGGCTTTTTG;
TRCN0000099547 (targeting Ablim3): CCGGGTGGATAATGAGATCCTTAATCTCGAGATTAAGGATCTCATT ATCCACTTTTTG;
TRCN0000099548 (targeting Ablim3): CCGGGCGGACATCTGAAACTTCCATCTCGAGATGGAAGTTTCAGA TGTCCGCTTTTTG;
TRCN0000099549 (targeting Ablim3): CCGGCTGGAAGAGGAACGAACTGAACTCGAGTTCAGTTCGTTCC TCTTCCAGTTTTTG.
Viral constructs.
shNT and validated shRNAs against Ablim3 (shAblim3-46 and shAblim3-47) were cloned into the pLLX-shRNA lentiviral vector under the control of the U6 small nuclear RNA (Rnu6) promoter as previously described 61 . The pLLX-shRNA vector also contains a second expression cassette in which GFP is expressed from the ubiquitin C (Ubc) promoter, which allows the monitoring of transfection and infection efficiency. Lentiviral stock solutions (5 × 10 7 to 8 × 10 7 U/ml) were prepared by cotransfection of pLLX-shRNA lentiviral vector and packaging plasmids into HEK293T cells (gift of the Rajagopal Laboratory, MGH), followed by ultracentrifugation of viral supernatant as described 62 . Generation of VSV-G (viral titer was 4 × 10 11 U/ml) for tracing neuronal connections in vivo was done as previously described 54 . Briefly, the rVSV-EGFP construct with the eGFP in the first genome position was amplified in baby hamster kidney BSR T7/5 cells (gift of S.P. Whelan) and purified as described previously 63 . At 100% confluency BSR T7/5 cells were infected with rVSV-EGFP at a multiplicity of infection (MOI) of 0.01, and the supernatant was collected 2 d later. The supernatant was concentrated by ultracentrifugation at 21,000 r.p.m. in an SW28 rotor (Beckman Coulter) for 3 h at 4 °C. Virus pellets were resuspended overnight in phosphate-buffered saline (PBS) with 25 mM HEPES. The virus resuspension was purified on linear 15-45% sucrose gradients prepared in the NTE buffer (10 mM Tris pH 7.4, 100 mM NaCl, 1 mM EDTA). The sucrose gradient was centrifuged at 25,000 r.p.m. in an SW41 rotor (Beckman Coulter) for 5 h at 4 °C. The virus-containing band was collected and then aliquoted and frozen in −80 °C before use. The rVSV-EGFP virus was titrated with BSR T7/5 cells and a Dulbecco's modified Eagle's medium (DMEM)-agarose (0.33%) overlay, and the titer was found to be 4 × 10 11 U/ml. The pAAVTRE-ChR2-eYFP construct was obtained from Dr. Sussumu Tonegawa (MIT) 25 . The rAAV vectors were serotyped with AAV9 coat proteins and packaged by the Boston Children's Hospital Viral Core at the Harvard Medical School. Viral titer was 4.956 × 10 14 genome copies/ml for AAV9-TRE:ChR2-eYFP. The titer for AAV9-TRE:ChR2-mCherry was 8 × 10 12 U/ml (a gift from Dr. Steve Ramirez). rAAV5-Camk2a-hChr2(H134R)-eYFP virus was generated at the University of North Carolina at Chapel Hill (UNC) Vector Core, and the viral titer was 8.5 × 10 12 genome copies/ml.
Stereotactic viral injection.
Mice were anaesthetized with ketamine and xylazine (10 mg/ml and 1.6 mg/ml, respectively). Mice were placed in the stereotaxic apparatus, and a small hole was drilled at each injection location. The needle was slowly lowered into the target site and remained there for 5 min before injection. Virus was injected using a Hamilton microsyringe (0.1 µl/min) into the dorsal DG using the following coordinates: adult (3-4 months old) and aged (17-18 months old) mice, anterioposterior (AP) = −1.8 mm from bregma; lateral (ML) = ±1.5 mm; depth (DV) = 2.5 mm; 4-to 5-week-old juvenile mice, anterioposterior = −1.7 mm from bregma; lateral = ±1.45 mm; depth = 2.4 mm. Injection needles were left in place for additional 10 min after injection to ensure even distribution of the virus and were then slowly withdrawn. The skin incision was carefully sutured after viral injection to minimize inflammation. 0.5 µl LV-shNT-GFP or LV-shRNA-GFP (unless otherwise specified, shAblim3-46 was used throughout the study), or AAV9-TRE-ChR2-eYFP was injected bilaterally into dorsal DG. 0.1 µl diluted VSV-G (1:10 of original virus stock) was injected unilaterally into dorsal DG. Mice were given carprofen (5 mg/kg) before and during surgery, and 24 h later, to minimize discomfort. All injection sites were verified histologically. Only mice with virus expression that was limited to the targeted regions were included for analysis.
Optical fiber implant.
A virus cocktail (0.5 µl of LV-shNT-GFP or of LV-shNT-GFP + LV-shRNA-GFP and 0.5 µl of AAV9-TRE-ChR2-eYFP or AAV9-TRE-ChR2-mcherry) was injected bilaterally into the dorsal DG of adult (3-to 4-month-old) cfos-tTA mice. One week after the injections, optical fiber implant surgeries were performed to the same mice. A 200-µm core, 0.37 numerical aperture (NA) multimode fiber (ThorLabs) was threaded through and glued with epoxy to a 230-µm core stainless steel or zirconia multimode ferrule (Fiber Instrument Sales and Precision Fiber Products), polished and cut for implantation. Optical patch cables were generated the same way with the free end connected to a multimode FC ferrule assembly for connecting to a 1X2 optical rotary joint (Doric lenses). The other end of the rotary joint was connected via a patch cable to either a 100 mw 473-nm laser diode (OEM laser systems) via a noncontact-style laser-to-fiber coupler (OZ optics). Mice were anesthetized with ketamine and xylazine (10 mg/ml and 1.6 mg/ml, respectively) and placed in the stereotaxic apparatus, and the optical fiber was lowered into the injection site (-1.8 mm AP; ±1.5 mm ML; −1.75 mm DV). The implant was secured to the skull with two jewelry screws, adhesive super glue (Loctite Adhesives) and dental cement. Mice were given carprofen (5 mg/kg) before, during and after surgery to minimize discomfort. Mice were allowed to recover for 2 weeks before behavioral experiments.
Whole-cell electrophysiological recordings. Two weeks after injection of LV-shNT-GFP or LV-shRNA-GFP into 4-to 5-week-old PV-cre:Ai14 mice, mice were used for slice electrophysiology. Briefly, 300-µm-thick hippocampal sections were cut in an ice slush solution containing: 85 mM NaCl, 75 mM sucrose, 2.5 mM KCl, 1.3 mM NaH 2 PO 4 , 24 mM NaHCO 3 , 0.5 mM CaCl 2 , 4 mM MgCl 2 and 25 mM D-glucose. Slices were allowed to recover for 30 min at 31.5 °C in ACSF containing: 126 mM NaCl, 2.5 mM KCl, 1 mM NaH 2 PO 4 , 26. Cutting and ACSF solutions were continually bubbled with O 2 and CO 2 , and all recordings were made in ACSF at 32 °C that was continually perfused over slices at a rate of ~2 ml/min. mEPSC recordings were made in the presence of tetrodotoxin (500 nM) and picrotoxin (100 µM). mIPSC recordings were made in the presence of tetrodotoxin and kynurenic acid (2 mM). For mEPSC and mIPSC recordings, neurons were held in voltage clamp at −60 mV. Miniature events were analyzed using MiniAnalysis software (Synaptosoft) using automatic detection with visual confirmation of events. For light-evoked EPSCs, neurons were held at −70 mV, and for light-evoked IPSCs, neurons were held at 0 mV. Responses were elicited with a 5-ms blue light pulse delivered at 0.1 Hz via a fiber optic placed above the DG in-slice. Peak current amplitudes were measured from an average of at least ten traces.
Behavioral procedures. Two weeks after the stereotactic injection of virus or optical fiber implant, mice were subjected to behavioral experiments. For the cohorts of adult C57Bl/6 mice (3-4 months old) and aged C57Bl/6 mice (17-18 months old) that were injected with LV-shNT-GFP or LV-shRNA-GFP, behavioral tasks were performed in the following order: open-field test (day 1), dark-light test and elevated plus-maze test (day 2), and tail-suspension test (day 3). Contextual fear conditioning was performed 2 d after the tail-suspension test. For the cohorts of TetTag mice, mice were raised and maintained on a Doxcontaining diet (40 mg/kg chow). Two weeks after surgery, mice were habituated to transportation and external environmental cues by being carted out of the animal facility into the experimental rooms and handled for 5 min in the experimental room each day for 3 d before the experiment. Following the third habituation session, mice were fed regular food without Dox for 3 d until contextual fear-conditioning training. After the training trial, mice were returned to their home cage and placed on Dox-containing chow to turn off reporter gene expression. For the cohorts used for the optogenetic engram-stimulation experiment, a similar protocol was used as described above except that mice were taken off Dox for 2 d before contextual fear conditioning. Following behavioral testing, brain sections were examined to confirm efficient virus-mediated labeling of target areas. Mice with mistargeted virus labeling were excluded before behavior quantification.
Open-field paradigm. The open-field paradigm was performed as done previously 64 . Mice were kept in a quiet holding area for at least 30 min before the test. Light-dark test. The light-dark test was conducted in the open-field chamber as described above, but with a dark plastic box that was opaque to visible light but transparent to infrared covering one-half of the chamber area, thus creating dark and light compartments of equal size. An opening at floor level in the center of one wall of the dark compartment allowed passage between the light and dark compartments. The light compartment was brightly illuminated. Mice were kept in a quiet holding area for at least 30 min before the test. Between each trial, the whole apparatus was cleaned. At the beginning of the test, the mouse was placed in the dark compartment and allowed to freely explore both compartments for 10 min. Ambulation distance and time spent in the dark and light compartments were recorded.
Elevated plus-maze test. The elevated plus-maze test was performed as done previously 64 . The elevated plus maze consisted of black Plexiglass apparatus with four arms (16 cm long and 5 cm wide) set in a cross from a neutral central square (5 cm × 5 cm) placed 1 m above the floor. Two opposing arms were delimited by vertical walls (closed arms), whereas the two other opposing arms had unprotected edges (open arms). Mice were placed in the center, and their behavior was recorded for 5 min via a video camera system (ViewPoint, Lyon, France) located above the maze. Cumulative time spent in the open and closed arms were scored manually by investigators who were blinded to the treatment conditions. An arm visit was recorded when the mouse placed both its forepaws in the arm.
Tail-suspension test (TST).
Mice were suspended 50 cm above a solid surface by the use of adhesive tape applied to the tail. A 'cushioned' surface with mouse bedding below the TST was placed to help prevent injury to the falling mouse. The animal's behavior was recorded for 6 min using an automated video-tracking system. Struggling and climbing behaviors were analyzed using View-Point Life Sciences software.
Contextual fear conditioning. Conditioning was conducted in Coulbourn
Habitest fear-conditioning chambers with clear front and back Plexiglas walls, aluminum side walls and stainless-steel bars as a floor, as done previously 64 . The chamber was lit from above with a light, ventilated with a fan and encased by a sound-dampening cubicle. On the days of training and testing, mice were brought out of the animal facility and allowed to habituate for 1 h outside the testing room before starting the experiment. Mouse behavior was recorded by digital video cameras mounted above the conditioning chamber. For the training context (designated 'context A' throughout), the fan and lights were left on, stainless-steel bars were exposed, and ethanol was used as an olfactory cue. Mice were brought into the behavioral room in a standard housing cage. For neutral context (designated 'context C' throughout), mice were brought into the behavioral room in cardboard buckets. Mice were placed in individual round white cardboard paper chambers inside a large plastic container. On the training day, mice were kept in a quiet holding area for at least 1 h before the training. During training, mice were placed for 180 s in the conditioning chamber and given three shocks (2 s each, 0.75 mA) at 180 s, 240 s and 300 s. Mice were taken out 60 s after termination of the third footshock and kept in a quiet area for additional 30 min before being returned to the animal facility. For memory acquisition, levels of freezing behavior were quantified over the initial 180-s period before the shock (baseline) and 60 s after each footshock. Freezeframe and Freezeview software (Actimetrics) were used for recording and analyzing freezing behavior, respectively.
For the multiple-exposure paradigm (days 1, 10 and 16 after training), mice were exposed to the training context (context A) and a neutral context (context C) for 3 min in a counterbalanced design with the second exposure 2 h following the initial test. Freezing behavior levels were quantified over the 3-min exposure period. For the limited-exposure paradigm, mice were exposed to the training context (context A) for 3 min on day 1. Then the same animals were exposed to the training context (context A) and a neutral context (context C) for 3 min in a counterbalanced design at day 16. Freezing behavior levels were quantified over the 3-min exposure period. Mice were perfused 1 h after context exposure to examine neuronal activation. cfos-tTA:tetO-TauLacZ mice were perfused 24 h or 16 d after contextual fear conditioning and indelible labeling to examine engram connectivity. cfos-tTA:tetO-H2B-GFP and cFos-tTA:tetO-H2B-Tet-tag mice harboring tetO-H2B-GFP or tetO-H2B-mCherry alleles (cfos-tTA:tetO-H2B-GFP and cFos-tTA:tetO-H2B-mCherry mice) mCherry mice were exposed to the training context (context A) or a neutral context (context C) for 3 min at day 1 or day 16 after contextual fear conditioning. Mice were perfused 1 h after context exposure to examine neuronal ensemble reactivation at different time points.
For the optical-stimulation experiments, mice were allowed to explore context C for 6 min 2 d and 10 d after contextual fear conditioning training. Prior to each test session, fiber implants were attached to the patch cables via a zirconia sleeve, and mice were left for 30-60 s in a transition cage that was similar to their home cage. The patch cables were interfaced to an FC/PC rotary joint (Doric lenses) that was attached on the other end to a laser diode. The 6-min session was divided into two 3-min epochs, the first was a lightoff epoch, and the second was a light-on epoch. During the light-on epochs, mice received blue light stimulation (473 nm, 9 mW, 20 Hz, 15 ms) for a 3-min duration. At the end of 6 min the mouse was immediately detached from the laser and returned to its home cage. The no shock (NS) group went through the same habituation, training and test sessions as the experimental group except that no foot shocks were given during the training session. Light stimulation during test sessions interfered with motion detection of the program, and, therefore, experimenters manually scored the freezing behavior while blinded to the identity of the group.
In situ hybridization (ISH). ISH was performed using dioxygenin-labeled riboprobes on 35-µm cryosections generated from perfused tissue as described previously 64 . Premixed RNA labeling nucleotide mixes containing digoxigeninlabeled UTP (Roche Molecular Biochemicals) were used to generate RNA riboprobes. An Ablim3-specific antisense probe sequence was obtained from Allen Brain Atlas (probe RP_051214_03_D07). A sense probe was generated as a negative control. Riboprobes were purified on G-50 Microspin columns (GE Healthcare). Probe concentration was confirmed by using a Nanodrop instrument before the addition of formamide. Briefly, sections were mounted on charged glass (Superfrost Plus) slides and postfixed in 4% paraformaldehyde (PFA). Sections were then washed in DEPC-treated PBS, treated with proteinase K (40 µg/ml final), washed again in DEPC-treated PBS and then acetylated.
Following prehybridization, sections were incubated with the riboprobe overnight at 58 °C and washed in decreasing concentrations of SSC buffer; immunological detection was carried out with anti-dioxygenin antibody conjugated with alkaline phosphatase (Roche). Color reaction was carried out with 5-bromo-4chloro-3-indolyl phosphate (BCIP) and nitro blue tetrazolium (NBT) (Roche). Color reaction times were identical for both treatment groups. Images were acquired with an epifluorescence microscope (Nikon) using a 10× objective lens. For quantification, 2-4 color images per region per mouse were analyzed using the mean intensity function in Image J. All images were captured using the same light intensity and exposure times. The mean intensity of the region of interest (minus mean intensity of a selected background region) was averaged across images for each mouse and each treatment group.
Immunohistochemistry. 35-µm cryosections obtained from perfused tissue were stored in PBS with 0.01% sodium azide at 4 °C. For immunostaining, floating sections were washed in PBS, blocked (in PBS containing 0.3% Triton X-100 and 10% normal donkey serum) and incubated with primary antibody overnight at 4 °C (rabbit anti-c-FOS, Calbiochem PC38, 1:10,000 (discontinued); different batches of rabbit anti-c-FOS, Santa Cruz SC52, 1:2,000; rabbit anti-GFP, Life Technologies A11122, 1:500; guinea pig anti-GABA, Millipore AB175, 1:500; mouse anti-PV, Millipore MAB1572, 1:2,000; mouse anti-SST, Santa Cruz, sc-55565, 1:100; mouse anti-RGS14, BioLegend N133/21, 1:400; chicken anti-β-galactosidase, Abcam, 1:1,000; guinea pig anti-VGLUT1, Synaptic Systems 135304, 1:3,000; mouse anti-NeuN, Millipore MAB377; goat antidoublecortin (DCX), sc-8066, Santa Cruz, 1:500). On day 2, sections were rinsed three times for 10 min in PBS and incubated for 90 min with fluorescent-label-coupled secondary antibody (Alexa-Fluor-488-conjugated donkey anti-rabbit IgG, Jackson ImmunoResearch 711-545-152, 1:500; Cy3-conjugated donkey anti-rabbit-IgG, Jackson ImmunoResearch 711-165-152, 1:500; Cy5-conjugated donkey anti-rabbit-IgG, Jackson ImmunoResearch 711-175-152, 1:500; Alexa-Fluor-488-conjugated donkey anti-mouse-IgG, Jackson ImmunoResearch 715-545-151, 1:500; Cy3-conjugated donkey anti-mouse-IgG, Jackson ImmunoResearch 715-165-151, 1:500; Cy5-conjugated donkey anti-mouse-IgG, Jackson ImmunoResearch 715-605-151, 1:500; Cy3-conjugated donkey anti-goat-IgG, Jackson ImmunoResearch 705-165-147, 1:500; Cy3-conjugated donkey anti-guinea-pig-IgG, Jackson ImmunoResearch 706-165-148, 1:500). Sections were rinsed three times for 10 min each in PBS before mounting on to glass slides and coverslipped with mounting medium containing DAPI (Fluoromount with DAPI, Southern Biotech). ABLIM3specific immunostaining was performed as described previously 52 . Briefly, to analyze the distribution of ABLIM3 in the hippocampus, fresh-frozen sections were mounted on glass slides, air-dried and sequentially fixed in 95% ethanol at −20 °C for 30 min and 100% acetone at room temperature for 1 min. The slides were blocked with 1% BSA in PBS for 30 min and incubated with primary antibodies at room temperature for 2 h (mouse anti-ABLIM3, Abcam ab67721, 1:100; guinea pig anti-VGLUT1, Synaptic Systems 135304, 1:3,000; rabbit anti-Bassoon, Abcam ab110426, 1:1,000; rabbit anti-ZO-1, Invitrogen 402200, 1:500). After washing with PBS, the slides were incubated with fluorescent-label-conjugated secondary antibodies (Alexa-Fluor-488-conjugated donkey anti-mouse-IgG, Jackson ImmunoResearch, 715-545-151, 1:500; Cy3-conjugated donkey anti-guinea-pig-IgG, Jackson ImmunoResearch, 706-165-148, 1:500; Cy5-conjugated donkey anti-rabbit-IgG, Jackson ImmunoResearch, 711-175-152, 1:500) for 30 min and then coverslipped with mounting medium containing DAPI (Fluoromount with DAPI, Southern Biotech).
Image acquisition and analysis. Images were obtained from one set of brain sections (six sets generated for each brain) for each immunostaining experiment (set of antigens). All analysis was performed by an experimenter who was blinded to group identity.
Image analysis of mossy fiber terminals.
A Nikon A1R Si confocal laser, a TiE inverted research microscope and NIS Elements software were used to capture z-stacks for MFT imaging using a 60× objective plus 10× digital zoom, as we previously published 65 . Mossy fiber axons of dentate granule cells were imaged in the stratum lucidum of CA3ab subfield. Images were obtained from high-resolution (2,048 resolution) image z-stacks with a step size of 0.3 µm. The area of individual MFTs was assessed at the widest point in the z-stack using ImageJ image>stacks>Z projection, followed by unbiased area selection with the tracing tool. MFTs were defined as having a cross-sectional area of 4 µm 2 or greater 28 from LV-shNT-GFP-or LV-shRNA-GFP-injected samples. MFT filopodia extensions were also quantified. MFT filopodia extensions were defined as protrusions that exceeded 1 µm in length and that possessed an end-swelling varicosity structure. At least 20-30 MFTs from each animal were imaged for MFT and MFT filopodia measurements.
Image analysis of dendritic spines. For quantification of dendritic spines, confocal z-stack images were acquired using a Nikon A1R Si confocal laser, a TiE inverted research microscope and NIS Elements software. Imaging was performed using a 60× objective lens and 6× digital zoom. For spine imaging, confocal z-stacks (2,048 resolution) with 0.3-µm step size were taken centered on the dendritic segment. The z-stacks were flattened using the maximum-intensity projection, and flattened images were quantified using imageJ. For spine density, spines were counted manually for at least 100 µm of dendritic length per region per mouse. The outer molecular layer was defined as the outer one-third of the molecular layer of the DG.
To quantify c-FOS + cells and overlap in antigens (GFP and GABA, GFP and PV, c-FOS and PV, c-FOS and SST, c-FOS and H2B-mCherry, H2B-GFP and c-FOS, TdTomato and PV, and DCX and GFP), z-stack images were acquired with a Nikon A1R Si confocal laser and a TiE inverted research microscope using a 20× objective lens. Images (1,024 resolution) were acquired as 11-µm z-stacks with a step size of 1 µm. For quantification of c-FOS + cells in the region of interest (ROI), a maximum-intensity projection image was generated from 11 z-stack images with ImageJ, and the cell signal intensity over the background within the same image was computed. Colocalization was determined by assessment of overlap of two independent fluorescence signals. Double-positive cells were selected in the maximum-intensity projection image using a multipoint tool and manually confirmed within each z-stack image that also contained DAPI signal.
For overlap by chance quantification, 50 DAPI + cells were randomly selected within the manually defined ROI on each image used for quantification of reactivation. Because of the high cell density in the DG, 75 DAPI + cells were randomly selected for chance-overlap quantification in the DG. The number of c-FOS + and GFP + cells among the randomly selected cells were then determined by examination of overlap in the appropriate channels for each TetTag system. Chance overlap was defined as the product of the probability of a randomly selected cell being c-FOS + and the probability of such a cell being GFP + (%c-FOS + × %GFP + ). A minimum of four regions in different hemi-sections were analyzed per mouse to calculate an 'average chance overlap' per mouse.
To quantify PV puncta density in CA3, images were acquired with a Nikon A1R Si confocal laser and a TiE inverted research microscope using a 60× objective lens plus 4× digital zoom. Puncta number was counted in each image, and the area per image was measured with ImageJ. Image size was constant for each section (2,812.5 µm 2 ) and among all of the animals. Puncta density was defined as the number of puncta per 1,000 µm 2 . For each mouse, puncta density was averaged from three images of the CA3ab region.
Statistical analysis. Statistical analysis was performed using GraphPad Prism software. Comparison of two groups was performed using a two-tailed Student's unpaired t-test unless otherwise specified. Comparison of one group across time was performed using a one-way ANOVA with repeated measure. Comparison of two groups across treatment condition or time was performed using a two-way repeated-measure ANOVA, and main effects or interactions were followed by Bonferroni post hoc analysis. mEPSCs and mIP-SCs were analyzed using Komolgrov-Smirnov tests with significance set at P < 0.0001. In the text and figure legends, 'n' indicates number of mice per group. Detailed statistical analyses can be found in Supplementary Table 1 and the Life Sciences Reporting Summary.
Life Sciences Reporting Summary. Further information on experimental design is available in the Life Sciences Reporting Summary. Data availability. Details of shRNA sequences and genetically modified mice can be found in the Online Methods. This information is sufficient for interpretation and replication of the findings.
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